A b s t r a c t Molecular diversity studies of 19 rhizobia isolates from chickpea were conducted using simple sequence repeats (SSR) and 16S rDNA-RFLP markers. Phenotypic characterization with special reference to salinity and pH tolerance was performed. ese isolates were identified as di erent strains of Mesorhizobium, Rhizobium, Bradyrhizobium, and Agrobacterium. Twenty SSR loci of Mesorhizobium ciceri, distributed across the other rhizobial genome, clearly di erentiated 19 rhizobial isolates. Analogous clustering supported the results of 16S rDNA sequence-based phylogeny. Analysis of the 16S rDNA sequences from M. ciceri strains revealed that nucleotide variables (signature sites) were located at 20 di erent positions; most of them were present in the first 820 bp region from 5' terminal. Interestingly, 14 signature sites were located in two main regions, the variable region V1 (nt 527-584), and variable region V2 (nt 754-813). e secondary structure and minimal free energy were determined in these two regions. ese results will be useful in characterizing the micro-evolutionary mechanisms of species formation and increase understanding of the symbiotic relationship.
Introduction
Chickpea (Cicer arietinum L.; family Leguminoceae) is an important pulse crop valued as a rich source of proteins. Chickpea nodulating rhizobia bacteria are highly host specific (Maatallah et al., 2002) and show distinct cross-inoculation group with respect to nodulation under cross-inoculation experiments (Gaur et al., 1979) . Several species of Mesorhizobium, Rhizobium, Agrobacterium, Bradyrhizobium are capable of fixing nitrogen through nodulation in chickpea roots (Maatallah et al., 2002; Bhattacharjee et al., 2008) . Under natural field conditions, the nitrogen fixing ability of rhizobia is negatively a ected by a variety of stresses including salinity and pH of soils (Ruiz-Diez et al., 2012) . Hence, success of chickpea crop in such soils requires identification of compatible rhizobia, tolerant to variable pH and osmotic stresses (Ruiz-Diez et al., 2012; Rai et al., 2012) .
Based on the coding sequences of small subunit of 16S rRNA, rhizobia belong to either α-or β-proteobacteria (Moulin et al., 2001 ). e comparison of rDNA sequences is a powerful tool to deduce phylogenetic relationships among rhizobia (Alexandre et al., 2006 (Alexandre et al., , 2009 . Due to crucial structural and functional constraints of the rDNA, they contain highly conserved regions as well as highly variable signatures. Conserved regions proximal to the 5' and 3' termini are present in all prokaryotic 16S rDNA sequences thus providing the opportunity to study phylogenetic relationships by comparing the rDNA sequences of di erent isolates (Alexandre et al., 2006 (Alexandre et al., , 2009 Omara et al., 2012) . Variations in 16S rDNA can also be assessed by analyzing restriction fragment length polymorphism (RFLP) of 16S rDNA sequences (Laguerre et al., 1994; Alexandre et al., 2006; Rai et al., 2012) . PCR based markers such as RAPD, RFLP, DAPD and SSR have been used to discriminate bacterial strains and to analyse genetic diversity. (Van Belkum et al., 1998; Alexandre et al., 2006; Laranjo et al., 2002 Laranjo et al., , 2004 Sikora and Redzepovic, 2003; Rai et al., 2012) . e availability of the whole genome sequence of Mesorhizobium ciceri has greatly facilitated identification of SSR markers (Van Belkum et al., 1998) . In this study, the diversity and structural analysis of fast-growing chickpea rhizobia strains was analysed using SSR, RFLP and partial sequences of 16s rDNA.
Isolation and phenotypic characterization of rhizo bia. Strains of rhizobia were isolated from root nodules of chickpea plants grown at farmer's field of Mau district (Uttar Pradesh, India) following Vincent (1970) method. e reference strain M. ciceri (Ca181) was procured from CCS Haryana Agriculture University, Hisar, India. Nodulation tests were performed by inoculating chickpea seeds with all the isolates, separately. All isolates including the reference strain were examined for growth at the temperature range from 28 to 30°C, NaCl range from 0.1 to 2.0% and at three di erent pH values (4.5, 7.0, and 9.0) on yeast extract mannitol (YEM) medium. Each experiment was repeated twice with three replications (Ruiz-Diez et al., 2012) . Genomic DNA of all the isolates was isolated using GeneiPure TM bacterial DNA purification kit (GeNei TM , Bangaluru, India) following the manufacture's protocol.
16S rRNA gene amplification and sequencing. Universal eubacterial primers F-D1-5'-ccgaattcgtcgacaacagagtttgatcctggctcag-3' and R-D1-5'-cccgggatccaagcttaaggaggtgatccagcc-3' (Kumar et al., 2006) were used to amplify a 1500 bp region of 16S rRNA gene using a thermal cycler (BioRad, USA). Amplification products were resolved by electrophoresis in agarose (1%), and visualised using a gel documentation system (Alfa Imager, Alfa Innotech Corporation, USA). e amplicons were purified using GeneiPure TM quick PCR purification kit (GeNei TM , Bangaluru, India) and quantified at 260 nm using a spectrophotometer taking calf thymus DNA as a control. e purified partial 16S rDNA amplicon was sequenced in an Applied Biosystems 3130 Genetic Analyzer (Applied Biosystems®, CA, USA).
Analysis of 16S rDNA sequences. e partial sequences were compared with sequences from DNA databases and sequences showing > 95% similarity were retrieved by Nucleotide Basic Local Alignment Search Tool (BLAST) program available at the National Center for Biotechnology Information (NCBI) BLAST server (www.ncbi.nlm.nih.gov/BLAST). Sequences were analyzed using the so ware BIOEDIT (Sequence Alignment Editor ver. 7.0.9; Hall, 1999) . e phylogenetic tree was constructed using the so ware MEGA4 (Molecular Evolutionary Genetics Analysis; Tamura et al., 2007) utilizing Neighbour-Joining method, based on a distance matrix with the distance correction calculated by Kimura's two-parameter model. e secondary structure and minimal free energy were calculated by RNAstructure 5.3 (Reuter et al., 2010) . e 16S-rDNA sequences obtained from native isolates were compared with those of rhizobial reference strains available in the GenBank database (Table I) .
PCR-RFLP analysis of 16S rDNA. For RFLP restriction, PCR amplified products of 16S rRNA gene were digested with three tetra-cutting endonucleases, viz., BstUI, HaeIII and MspI (Fermentas). Purified PCR products (12.3 μl) were digested with 3 U of restriction endonucleases in a 14 μl reaction volume. e digestion products were separated by electrophoresis on agarose gel 1.5% and the visualized restriction patterns were photographed (Fig. 1) Reference method with averages (UPGMA) was used to construct dendogram using the so ware NTSYS2pc (ver. 2.1).
PCR amplification of simple sequence repeats. A genome-wide search was performed to identify SSR loci in M. ciceri strain using the Tandem Repeat Finder so ware (ver. 2.0). Non-redundant SSR loci were then selected for designing a total of 20 primers (Table II) using the so ware Primer 3 (ver. 0.4.0) with a target amplicon size of 150-500 bp. e amplification products were resolved and visualised as described above.
Results
Phenotype of bacteria. e bacterial colonies produced on YEM agar were gummy, translucent, circular and convex with smooth margins. All the 19 isolates were gram negative and rod-shaped. Majority of the isolates were classified as fast-growing rhizobia, as their colonies reached to a diameter > 2 mm within 6 d of growth. e isolates MSA-3, MSA-5, MSA-6, MSA-7, MSA-14 and MSA-20, however, were found to be slowgrowers, as even a er 10 d their colonies could be able to reach to a diameter of ≤ 1 mm. All the isolates were able to grow at the temperature range from 28 to 30°C (Table III) , which fits with reference M. ciceri Ca181 strain. e isolates MSA-3, MSA-5, MSA-6, MSA-7, MSA-14 and MSA-20 showed moderate tolerance to salinity (1% NaCl), while the remaining isolates were not able to grow at 0.5% NaCl. However, M. ciceri Ca181 showed growth up to 1.5% NaCl. All the isolates showed vigorous growth at pH 7.0, the optimal pH for rhizobial growth, and were able to grow at a higher pH value (9.0). e isolates MSA-11, MSA-13, MSA-15 and MSA-17 were found to be resistant to acidity, as they could able to grow at pH 4.5. PCR-RFLP analysis of 16S rDNA amplicons. Analysis of the genetic relatedness among the 19 isolates was done employing amplified rDNA restriction analysis (ARDRA) of 16S rRNA gene. A combination of three endonucleases (BstUI, HaeIII, and MspI) permitted a good resolution level. Restriction analysis of 16S rDNA with these enzymes resulted in 3 to 4 di erent patterns for each enzyme. e restriction digestion products ranged from 200 to 1000 bp. Based on the restriction fragments, the 19 chickpea rhizobia isolates were grouped into three clusters: Group I, Group II, and Group III (Fig. 2) . e reference strain MSA-20 (M. ciceri Ca181) clustered with Group I (GI), and was distinct from the isolates of other clusters. Isolates MSA-2, MSA-3, MSA-7, MSA-8, MSA-9, MSA-10, MSA-12, MSA-13, MSA-15, MSA-16 and MSA-19 showed identical ARDRA pattern with the reference strain M. ciceri Ca181. ARDRA pattern of isolates 5, 4, 11, 17, 18 tern four genotypes were detected among the nineteen isolates (Table IV) . Phylogenetic analysis. All the 19 isolates fell into three major phylogenetic groups (Fig. 3) . Sequence analysis of 16S rDNA indicated that five isolates had similarity with Rhizobium sp. DV2, four isolates had similarity with M. ciceri strain 8-2, three isolates had similarity with Agrobacterium tumefaciens strain 23C45, four isolates shared maximum similarity with Bradyrhizobium japonicum strain HHL-01, two isolates had similarity with Rhizobium sp. SWFU-R27 and four isolates were classified as Mesorhizobium similarity with Mesorhizobium sp. CCNWGS0211.
Partial 16S rDNA sequences of isolates MSA-5, MSA-6, MSA-14, MSA-20 (M. ciceri-like isolates), isolates MSA-11, MSA-13, MSA-15 MSA-17 (B. japonicum-like isolates), isolates MSA-4, MSA-8, MSA-9. MSA-10, MSA-16, MSA-18, MSA-19 (Rhizobium sp.-like isolates), isolates MSA-3, MSA-7 (Mesorhizobiumlike isolates), and isolates MSA-1, MSA-2, MSA-12 (A. tumefaciens-like isolates) were used to construct phylogenetic tree (Fig. 3) . e MSA sequences were compared with 6 rhizobial isolates belonging to di erent species. Phylogenetic analyses indicated that isolates belonging to the M. ciceri group were in the same ancestral clade with M. ciceri 8-2 (99-100% bootstrap probability), whereas isolates belonging to Mesorhizobium group were intermingled with strain Mesorhizobium sp. CCNWGS0211 (97% bootstrap probably; Fig. 3 ). Two Rhizobium-like isolates (MSA-9 and MSA-10) were in the same clade with Rhizobium sp. SWFU-R27 (97% bootstrap probability). e isolates MSA-1, MSA-2 and MSA-12 that were identified as Agrobacterium strain, shared the same clade as A. tumefaciens (60% bootstrap probability). Isolates MSA-4, MSA-8, MSA-16, MSA-18 and MSA-19 formed genetic clusters with Rhizobium sp. DV2 (66-68% bootstrap probability), while isolates MSA-11, MSA-13, MSA-15 and MSA-17, formed genetic clusters with B. japonicum (88-95% bootstrap probability). High bootstrap values in the phylogenetic study established that the sequenced isolates were properly clustered in the same branches so as the respective reference strains. ese phylogenetic relationships allowed a more accurate description when compared with ARDRA technique for the genetic affiliation of chickpea rhizobial isolates. Simple sequence repeats (SSRs) analysis. Twenty SSR primers were capable of di erentiating the rhizobial isolates. e amplification products ranged from 150 bp to 500 bp. Despite the polymorphism observed with several primers, the diversity index was low. Cluster analysis based on SSRs revealed that the 19 isolates grouped into four major clusters (Fig. 4) . e rhizobial isolates MSA-1, MSA-6, MSA-12, MSA-20 clustered together to form group I, isolates MSA-4, MSA-5, MSA-8, MSA-16, MSA-18, MSA-19 formed group II, isolates MSA-3, MSA-7, MSA-9, MSA-10, MSA-15 clustered to group III, and MSA-11, MSA-13, MSA-14, MSA-17 formed group IV. e isolates MSA-2 formed a separate independent lineage on dendrogram but have similarity with group II. e reference strain MSA-20 formed cluster with group I, and showed a similarity with MSA-1 and MSA-6. e results indicated that SSR provided a high degree of discrimination between the strains.
Structural analysis of 16S rDNA sequences. e complete alignment of 16S-rDNA sequences of four M. ciceri sequences with reference strains available in database (Table I) showed that the intra-specific variations (signature sites) were not randomly distributed (Table V and supplementary material) . Nucleotide variables were detected at 20 di erent positions and most of them were in the first 820 bp region from 5' terminal. Interestingly, the first 14 signature sites were located in two main regions, variable region V1 (nt 527-584), and variable region V2 (nt 754-813). e secondary structure and minimal free energy of these two main regions were calculated by RNA structure 5.3 (Kulkarni and Nautiyal, 1999) . To simplify the process, M. ciceri strain C-2/2 and M. ciceri strain Ca181 were used as the representation of group I and group II, respectively (Fig. 5) . e results revealed that the structures of strain C-2/2 and Ca181 were almost similar with di erent minimal free energy (Fig. 6A) for variable region V1 Fig. 3 . Phylogenetic relationship between rhizobial isolates based on partial length 16S rDNA sequences constructed using cluster algorithm. 259 5, 6, 7, 14, 13, 15, 8, 9, 10, 16, 18, 19 10±2 MSA-1, 2, 12 2±1
Reference strain
Mesorhizobium ciceri Ca181 18±2 (nt 527-584). For variable region V2 (nt 754-813), however, the structure and minimal free energy were di erent (Fig. 6B) .
Discussion
In the present study, all the isolates were shown to be gram-negative, aerobic, non-spore forming cocci. Colony morphology of rhizobia plays an important role in symbiotic nitrogen fixation (Vincent, 1970) . All rhizobial isolates were able to form nodules in chickpea roots (Table VI) ; the nodulation ability did not vary among the groups. Although, SSR and ARDRA approaches provided some degree of information on the diversity, it was not enough to demonstrate the large diversity found amongst the isolates. e diversity in 16S rDNA sequences among the di ernt isolates is a useful method to assess their phylogenetic relationship (Laguerre et al., 1994) . Salt tolerance screening revealed that isolates can tolerate 1% NaCl and could be potential isolates for salt a ected soils. e tolerance to extreme pH was generally homogeneous between the isolates. e capacity of isolates MSA-11, MSA-13, MSA-15 and MSA-17 to tolerate pH 4.5 was generally low. is could be a feature of growth in culture medium compared to soil where the charges of colloidal particles can partially neutralize the acidity. A lack of correlation between rhizobial growth in acidic soils and pure bu ered media has been reported (Kulkarni and Nautiyal, 1999; Hungari et al.,
2001
; Ruiz-Diez et al., 2009 . Most of the isolates showed a good growth at pH 7.0-9.0, a characteristic feature of rhizobia isolated from soybean in Brazil (Yates et al., 2004) and fast-growing rhizobia isolated in Australia (Chen et al., 2005) . Phylogenetic inference, as an approach to establish bacterial relationships is usually based on the comparative analysis of 16S rDNA sequences and has previously been used in many investigations (Chen et al., 2005; de Lajudie et al., 1994) . e 16S rDNA analysis placed individual rhizobial isolates to three di erent groups (I to III). Group III comprised of four isolates from Bradyrhizobium. Groups II represented entirely by known Mesorhizobium sp. e clade formed by isolates in the group I were from Mesorhizobium, Rhizobium, and Agrobacterium. A er sequencing analyes, 17 isolates were identified as three di erent species of Rhizobium and 3 isolates were identified as Agrobacterium. Lateral gene transfers or mutations may be a cause of these diversions from ARDRA results. Lateral gene transfer dynamics is well known in the populations of free-living soil bacteria (Ueda et al., 1999; Herrera-Cervera et al., 1999) . In this study, polymorphism was observed with the combination of three endonucleases (BstUI, MspI, and HaeIII) and it permitted a resolution level comparable to that reported by Laguerre et al. (1994) . Genomic DNA fingerprinting using SSR was found to be useful in di erentiating closely-related isolates.
e clustering of the isolates in three groups implies that the chickpea rhizobial isolates were diverse (Fig. 4) . e results also indicated that SSR is an efficient method for di erentiating and studying diversity and population structure of rhizobia. In addition, this marker system could easily be converted into a multiplex PCR. e signature site in 16S rDNA sequences has previously been used as marker to distinguish the isolates at subspecies level (Bertil et al., 1998) . Twenty signature sites of M. ciceri were identified and most of the variations were detected in the first 820 bp fragment from 5'-terminal. Interestingly, at variable region V1 (nt 527-584), the structure of group I was similar to group II, which was consistent with the results of phylogenetic tree where both groups had high similarity (Fig. 5) . For variable region V2 (nt 754-813), group II had more G/C variations than group I. is may be the reason for a lower minimal free energy of the variable region V2. ese signature sites can be used as markers to distinguish the sub-species of M. ciceri. e 700 bp fragments from 3'-terminal were highly conserved across the isolates, thus can be used as tool to identify M. ciceri species from other species of Mesorhizobium.
Overall, diversity analysis generated by the di erent molecular approaches revealed species groups di erentiation in chickpea rhizobia isolates. Moreover, structure analysis of 16S rDNA sequences proved to be a quicker and reliable method to di erentiate the isolates. e molecular and phenotypic characterization of Indian isolates of rhizobia has advance the knowledge and understanding of chickpea rhizobia isolates, which can help in designing improved production of chickpea in India.
